Neuropathic pain is a well-known type of chronic pain caused by damage to the nervous system. Autophagy is involved in the development and/or progression of many diseases, including neuropathic pain. Emerging evidence suggests that metformin relieves neuropathic pain in several neuropathic pain models; however, metformin's cellular and molecular mechanism for pain relief remains unknown. In this study, we investigated the therapeutic effects of metformin on pain relief after spinal nerve ligation (SNL) and its underlying mechanism of autophagy regulation. 
complex that initiates the cleavage and activation of caspases. [8] [9] [10] The spinal nerve ligation (SNL) peripheral neuropathy model activates a neuronal apoptotic cascade that includes the release of cytochrome C into the cytosol and caspase-3 activation. 11 Autophagy is a lysosomal degradation pathway and a homoeostatic cellular mechanism that is essential for survival, differentiation, development and homoeostasis. 12 Autophagy is closely associated with apoptosis in the pathological process of many degenerative diseases, including osteoarthritis, 13 age-related macular degeneration 14 and Alzheimer's disease. 15 Meanwhile, recent investigations showed that autophagy was involved in neuropathic pain processing. [16] [17] [18] [19] [20] As a result of the dysfunction of autophagy flux, 16 increased markers of autophagy are observed in the early stages of SNL, which represents the accumulation of dysfunctional autophagosomes. 17, 18 Furthermore, rapamycin, which is an autophagy inducer, induces long-lasting analgesia, inhibits interleukin-1β secretion, 19 improves nerve myelination 20 and prevents pain chronification. Accordingly, neuropathic pain was dramatically enhanced by autophagy inhibitors. 18, 20 Metformin is one of the most widely used hypoglycaemic drugs for the treatment of type 2 diabetes. Metformin exhibits a variety of pharmacological properties, including anti-inflammatory, anti-cancer and antioxidant properties. 21, 22 It was reported that metformin has been demonstrated to be a therapeutically effective drug candidate for various nervous system disorders, including Parkinson's disease, 23 Huntington's disease 24 and spinal cord injury. 25 Similarly, metformin was reported to prevent etoposide-induced neuronal apoptosis by inhibiting the mitochondrial permeability transition pore. 26 Additionally, it has been demonstrated that metformin attenuates neuropathic pain through up-regulation of AMPK after peripheral nerve injury. 27 However, the molecular mechanism of metformin treatment in pain relief has not been completely defined. Specifically, the relationship between autophagy and apoptosis with the therapeutic effects of metformin in the neuropathic pain has not been previously investigated.
In this study, we examined metformin-mediated effects on pain relief, apoptosis and autophagy activity in a model of SNL-induced neuropathic pain using histological and protein analyses. Our data show that metformin may attenuate SNL-induced mechanical and thermal hyperalgesia, as well as the expression of c-Fos, a marker related to pain and other nociceptive stimuli. We also determined the signalling pathways and molecular mechanisms involved in neuronal apoptosis and autophagy following SNL, especially the pathways related to neuropathic pain. Collectively, our results suggest that metformin may be an effective and feasible target for drug development to treat neuropathic pain.
| MATERIALS AND METHODS

| Animals
Adult male Sprague-Dawley rats weighing 220 to 250 g were purchased from the Animal Centre of the Chinese Academy of Sciences in Shanghai, China. All experimental procedures were approved by the Institutional Animal Care Committee of Wenzhou Medical University and performed according to the guidelines of the National
Research Council for the care and use of laboratory animals. The animals were kept in specific, pathogen-free conditions in 12-hour daynight cycles at 22-24°C. All rats received food and water ad libitum.
| Surgical procedure
Following the procedure originally proposed by Kim and Chung 28 that was adapted to rats, the SNL model was used as a model of neuropathic pain. Briefly, rats were deeply anaesthetized with sodium pentobarbital (50 mg/kg body weight by intraperitoneal injection), and the left lumbar (L) 6 transverse process was carefully removed to visually identify the L4 and L5 spinal nerves. The L5
spinal nerve was isolated and tightly ligated with 4-0 silk thread.
Complete haemostasis was confirmed, and the wound was sutured.
The procedure of the sham group was identical to the procedure for the experimental group, except the SNL was not performed. 
| Drug treatment
| Immunofluorescence and immunohistochemistry
Transverse sections mounted on slides were prepared as described Next, the sections were developed with 3,3′-diaminobenzidine and counterstained with haematoxylin. Images were captured with the aid of a light microscope (Olympus, Japan).
| Western blot analysis
For protein extraction, the specimens were homogenized in modified The membranes were washed with TBS three times and incubated with secondary antibodies for 2 hours at room temperature. Signals were visualized using the ChemiDoc TM XRS + Imaging System (BioRad), and the band densities were quantified with Image Lab 3.0 software (Bio-Rad).
| Transmission electron microscopy study
After fixation in 2.5% (w/v) glutaraldehyde overnight, the specimens were post-fixed in 2% (v/v) osmium tetroxide and blocked with 2%
(v/v) uranyl acetate. Tissues were embedded in araldite after dehydration in a series of acetone washes. Semi-thin sections were cut and toluidine blue staining was performed for observation of localization. Finally, ultra-thin sections from at least three blocks per sample were cut and observed using a transmission electron microscopy (TEM).
| Statistical analysis
Data were expressed as the mean ± standard error of the mean (SEM). All analyses were conducted using SPSS 20 statistical software. Statistical significance was determined using Student's t test when there were two experimental groups. When more than two groups were compared, statistical evaluation of the data was performed with one-way analysis of variance (ANOVA) followed by Dunnett's post-hoc test. P < 0.05 was considered to be significant for all statistical comparisons.
| RESULTS
| Metformin attenuates SNL-induced mechanical and thermal hyperalgesia
To evaluate the effects of metformin (50 mg/kg/d) on pain perception after SNL, MWT and TWL results were measured for 3 weeks.
Behavioural tests were all conducted on the operated side. There were no significant differences in both baseline MWT and TWL among the different groups. The MWT and TWL did not change significantly from baseline during the testing period in the sham group.
However, compared to the sham group, the MWT and TWL signifi- In contrast, metformin treatment prevented SNL-induced apoptosis.
Taken together, these data suggest metformin administration is an effective strategy for inhibition of apoptosis after SNL.
| Metformin promotes autophagy flux in the spinal cord after SNL
To determine the morphological signatures of autophagy in neurons, autophagosomes were observed by TEM, which is a standard method to check autophagy activation. As shown in Figure 3A , the Figure 3B,D) . However, increases in the level of autophagosomes or LC3II/LC3I can reflect either the induction of autophagy or inability to clean the autophagosome or amphisome. 33 The adapter protein p62 (SQSTM1) mediates delivery of ubiquitinated proteins to autophagosomes, and the ubiquitinated proteins are degraded by autophagy. Because the protein p62 is a substrate of the autophagic process and its expression is considered a marker of autophagic flux, which should be accumulated when autophagy is impaired. 34 As the results show, the SNL group had a higher level of p62 and ubiquitinated proteins than the sham group, Immunofluorescent staining showed that p62 was mainly expressed in superficial layer of L5 dorsal horn following SNL. To observe the autophagy flux in neurons, double staining for NeuN (red)/p62 (yellow) in the dorsal horn of the L5 spinal cord was performed, which verified the same results ( Figure 4D ). These findings showed that the autophagy flux was disrupted following SNL, while metformin treatment corrected this disruption.
| Metformin reduces the expression of c-Fos in the spinal cord after SNL
To further evaluate the pain state at the molecular level, we examined the expression of c-Fos in the dorsal horn of the L5 spinal cord, which was reported as a pain-related protein. [35] [36] [37] [38] The Our results showed that the anti-apoptosis effect of metformin was related to the correction of dysfunction in the autophagy-lysosome pathway.
| Blockage of autophagy by CQ abolishes the analgesic effects of metformin
To determine whether the analgesic effects of metformin on pain perception were related to autophagy, behavioural tests and experiments testing the expression of the c-Fos, a marker related to pain and other nociceptive stimuli, were performed. Mechanical withdrawal threshold and TWL tests revealed that the effect of metformin therapy (50 mg/kg/d) on pain perception was significantly suppressed by CQ (Figure 7A,B) . The results of immunohistological analysis of c-Fos showed a combination of metformin and CQ distinctly increased the number of c-Fos positive cells in the dorsal horn of the L5 spinal cord ( Figure 7C ). The Western blot results also showed that combination therapy by CQ could increase the expression of c-Fos, which was decreased by metformin treatment following SNL (Figure 7D ,E).
| DISCUSSION
Neuropathic pain, which is characterized by hyperalgesia, allodynia and spontaneous pain, often occurs as a result of injuries to the peripheral or central nerve system. 41 After peripheral nerve injury, a substantial number of cellular and molecular changes occur in the peripheral nerve, DRG, spinal dorsal horn and supraspinal regions, which contribute to peripheral and central sensitivity. 42, 43 Several studies have shown that metformin relieves neuropathic pain in several neuropathic pain models, including peripheral nerve injury 27 and diabetes. 44, 45 However, as a multifunctional factor, the protective effects of metformin on the autophagy-induced inhibition of apoptosis observed in neuropathic pain after SNL is not fully understood to date. Our results demonstrated that metformin effectively restored the disrupted lysosomal function to attenuate apoptosis and eventually alleviated the mechanical allodynia and thermal hyperalgesia associated with SNL.
In this study, it was shown that by one day after SNL, mechani- Apoptosis is known to be involved in neuropathic pain following spinal nerve injury. 6 However, the relationship between neuronal apoptosis in the spinal cord and development of allodynia or hyperalgesia is not fully known yet. Apoptosis might trigger structural changes in neurons, increase the sensitivity of the nociceptive system and therefore increase the induction of hyperalgesia or allodynia. 46 Apoptosis could be mediated through two pathways: An extrinsic pathway through a death receptor and an intrinsic pathway managed by mitochondria. 47 Mitochondrial dysfunction caused by oxidative stress, including the decrease of Bcl-2, as well as the release of Bax, triggers activation of the caspase family, which leads to apoptosis. 48, 49 In this study, we found that both the level of cleaved caspase 3 and the ratio of Bax/Bcl-2 were up-regulated dramatically in the SNL group, and metformin administration could significantly decrease caspase 3 activation and attenuated the ratio of Bax/Bcl-2. Furthermore, double staining (for NeuN/cleaved caspase-3) also revealed that metformin treatment decreased the level of apoptosis in the spinal cord following SNL. Based on these data, we conclude that attenuating mitochondrial dysfunction and regulation of apoptotic pathways may have a role in the anti-nociceptive effects of metformin in SNL rats.
Autophagy is a process of self-digestion in which the cell degrades useless proteins and organelles to sustain cellular function. 50 Increasing evidence has indicated that autophagy is correlated with neuropathic pain after peripheral nerve injury. 51 Additionally, increased markers of autophagy after SNL 17, 52 represent the accumulation of autophagosomes; however, the exact mechanism remains controversial. Whether the accumulation of Autophagy flux is defined as progress of autophagy from the formation of autophagosomes to cargo delivery and degradation in the lysosomes by lysosomal proteases. 53, 54 Increased expression of autophagic hallmarks is not sufficient to conclude whether there was activation of autophagy flux. 55 Increases in the level of autophagosomes or LC3 can reflect either the induction of autophagy or block the autophagosome degradation pathway. 33 Previous reports demonstrated that autophagic marker accumulation after SNL did not occur due to increased initiation of autophagy but rather occurred due to inhibition of autophagy flux and lysosomal dysfunction. autophagosome biogenesis, 56 whereas p62 is an endogenous autophagy substrate and polyubiquinated proteins are degraded by lysosomes. 57 Our data show that LC3 accumulation was accompanied by significant elevation of p62 and polyubiquitinated protein levels in the SNL model, which indicates the degradation pathway was suppressed. Furthermore, metformin enhanced the protein abundance of LC3 while decreasing the level of p62 and ubiquitinated proteins compared to the SNL group, which suggested metformin may repair lysosome function and contribute to restoring the autophagy-lysosome pathway; however, the exact mechanism remains unclear, and it needs to be clarified further.
An increasing number of studies report that there is a close biochemical crosstalk mechanism between apoptosis and autophagy 33 ;
however, few studies have examined this mechanism for neuropathic pain. To reveal the relationship between autophagy and apoptosis, CQ, which is a classic autophagy-lysosome pathway inhibitor, 39, 40 was used in our study. Our study showed that the analgesic effect was diminished when activation of the autophagy-lysosomal pathway was inhibited, which indicated that the analgesic effect of metformin occurred through apoptosis inhibition. We suppose that one possible reason for this anti-apoptosis effect of metformin is that metformininduced autophagy flux inhibits the level of apoptosis in the spinal cord after SNL. The chemical inhibitor, CQ, is a classic autophagylysosomal pathway inhibitor, but it may also activate potential nonspecific effects. To accurately understand the function of autophagy after SNL, transgenic animals with autophagic defects, such as Atg5−/− mice, should be used in future studies.
In conclusion, this study detected the effects of metformin on pain relief, apoptosis and autophagy flux after SNL. Our results demonstrate that metformin may prevent dysfunction of the autophagy-lysosome pathway after SNL and may provide potential therapeutic interventions for SNL.
